Effects of the osmotic pre-treatment (OD) with sucrose or sorbitol solutions and different drying methods on the rehydration kinetics of apple cubes were studied. Samples were dried by hot air (HAD) at 70 ºC, by microwave (MWD) at 500 W, and by freeze-drying (FD). The rehydration of dried samples was performed in water at 80 ºC and at a mass ratio of sample to water of 1:100. The fi rst order kinetic model was found to provide the best fi t of the rehydration data. The pre-treatment and the drying method did not affect the rehydration kinetics, but the rehydration capacity after 12 min of rehydration was higher in the control samples than in the osmotically dehydrated ones, for all three drying methods. The rehydration rate and the rehydration capacity of the apple cubes dried by HAD, MWD, or FD were not affected by the solute used in the pre-treatment, sucrose and sorbitol.
Normally, dried fruit are produced for consumption as fi nal products with low moisture content, as powder or snacks. They may also be rehydrated to be used as food ingredients (intermediate moisture) in prepared products, or may also be rehydrated for other purposes (CONTRERAS et al., 2012) . The osmotic dehydration (OD) allows to preserve fruit by reducing the initial water content up to 50%. The osmotic agent most used in the OD of fruit is sucrose, because of its effectiveness, convenience, and desirable fl avour (LENART, 1996) . Other solutes have been used in the osmotic process, such as sorbitol (CHAUHAN et al., 2011; RODRÍGUEZ et al., 2013; BROCHIER et al., 2014) . Sorbitol is a prebiotic with proven health benefi ts (CHAUHAN et al., 2011; PATEL & GOYAL, 2012; CHANDRA & KUMARI, 2015) . Besides, sorbitol is less caloric and has a relative sweetness of around 60% in comparison with sucrose (SILVEIRA & JONAS, 2002) .
The rehydration process aims to restore the properties of the fresh fruit by making the dried product contact with the rehydration solution (LEWICKI, 1998) . During this process, transfer of water from the solution to the fruit and of soluble solids in the opposite direction takes place (SETTE et al., 2016) . The quality of the rehydrated product depends on the structural and compositional changes occurring during the dehydration process (pre-treatment and/or subsequent drying) (LEWICKI, 1998; CONTRERAS et al., 2012) .
Rehydration capacity is affected by tissue integrity and its hydrophilic properties (SETTE et al., 2016) . This parameter, as well as the infl uence of factors such as the pre-treatment, drying method, and rehydration conditions on rehydration has been studied by many researchers. PEI and co-workers (2014) found that the rehydration rate of mushroom slices was higher at 70 °C than at 20 °C, but the opposite was observed for the equilibrium moisture Acta Alimentaria 47, 2018 content. MOREIRA and co-workers (2011) observed that the cells of chestnuts osmotically treated and dried with hot air at 65 ºC and, afterwards, rehydrated with water at 25 ºC swelled beyond the size of the fresh samples with just a short time of rehydration. DOYMAZ (2016) observed that the pre-treatment (citric acid and blanching) and the air temperature (50-80 ºC) affected the rehydration of dried red kidney bean seeds. The rehydration ratio (mass of absorbed water: mass of dry matter) of the pre-treated samples was higher than the one of the control samples. MASKAN (2001) found that hot air-microwave dried slices of kiwifruit presented the highest and the microwave dried ones the lowest rehydration capacity.
Mathematical modelling may be performed to describe mass transfer kinetics during rehydration process, by using several empirical models and theoretical equations. NOSHAD and co-workers (2012) used fi ve different models -Fick's second law of diffusion, Peleg's, Weibull's, fi rst-order, and exponential association -to describe the rehydration kinetics of pre-treated air-dried quinces. These models confi rmed a higher water absorption rate at higher temperature of rehydration and, in the beginning of the process, the rehydration of untreated samples was faster than the one of pre-treated samples. CONTRERAS and co-workers (2012) found that Peleg's model is an adequate tool to predict the rehydration behaviour of dried apple and apricot. They observed that microwaves applied during air drying resulted in a higher kinetic constant, which is related to the water absorption rate.
Dried apple cubes may be consumed as a snack or an ingredient in yoghurt, for example. Thus, the aim of this study was to evaluate the effect of the osmotic pre-treatment with sucrose or sorbitol combined with different drying methods -hot air, microwave, and freezedrying -on the rehydration kinetics of apple cubes.
Materials and methods

Sample preparation
Apples (Malus spp., cultivar Royal Gala) were graciously provided by Campotec, Portugal, and stored at 4 ºC. The fruit were washed and sanitized with aqueous solution with 7500 ppm active chlorine for 5 min. Then, the samples were cut in cubes (12 mm) with a vegetable cutter (Secret de Gourmet, France) and immersed in a solution with 0.9% sodium chloride for 3 min to prevent enzymatic browning. The samples were blotted gently with a tissue paper in order to remove the excess of sodium chloride solution from the surface. The soluble solids content of the apple was 15.3±1.3 ºBx (Hand refractometer, Atago, China).
Osmotic pre-treatment
The osmotic solutions were prepared with ultra-pure water and commercial sucrose or sorbitol (Fagron Iberica, Spain) at 60 ºBx. The apple samples were immersed in the osmotic solution at a mass ratio of sample to solution of 1:4. The osmotic pre-treatment was carried out in beakers placed in a shaking incubator (SI-100C, Wiggenhauser, Germany). The experiments were carried out at atmospheric pressure and at 60 ºC, using constant agitation of 50 r.p.m. The experimental conditions had been optimized in a previous work (ASSIS et al., 2017a) .
The samples (approximately 7 g) were removed from the solution after 8 hours. Then, the samples were rinsed with ultra-pure water to remove the solution adhered to the surface and blotted with tissue paper in order to remove the excess of water from the surface.
Drying
Hot air drying (HAD) experiments were performed in an oven (UFP800DW, Memmert, Germany) with recirculation of air with 9.5±1.3% relative humidity and at approximately 1 m s -1
. The HAD experiments were carried out at 70 ºC for 3.5 h. The experimental conditions had been optimized in a previous work (ASSIS et al., 2017b) .
The microwave drying (MWD) experiments were performed in a domestic microwave oven (MT-243, Whirlpool, USA) at 500 W for 40, 27.5, and 25 min for the control and the samples osmotically dehydrated with sucrose solution or with sorbitol solution, respectively. The experimental conditions had been optimized in a previous work (ASSIS et al., 2017c) .
For freeze-drying (FD), the samples were frozen at -18 ºC and then dried in a freezedryer with the condenser chamber at a temperature between -40 and -45 ºC (FT33A, Armfi eld, England) for 17 h. The experimental conditions had been optimized in a previous work (ASSIS et al., 2018) .
The control for all drying experiments was drying samples without the osmotic pretreatment.
The fi nal water activity of the dried samples was aimed to be around 0.3. Consequently, the fi nal moisture content was 0.113±0.445, 0.218±0.196, and 0.103±0.035 kg water/kg DM after HAD, MWD, and FD, respectively.
Rehydration experiments
The rehydration experiments were carried out in beakers placed in a water bath at 80 ºC. The dried samples were immersed in ultra-pure water inside the beakers for 1, 3, 5, 9, and 12 min. The mass ratio of sample to water used was 1:100. After that time, the samples were removed and each side was blotted with tissue paper for 3 s to remove the excess of water from the surface. The samples were, then, weighed.
The moisture content of the rehydrated samples was determined in an oven (FP115, Binder, Tuttlingen, Germany) at 105 ºC until constant weight (Offi cial Method 934.06, AOAC, 2002). The rehydration capacity (RC) was expressed as moisture content in kg water/ kg DM.
The experiments were conducted in triplicate.
Mathematical modelling of the rehydration process
To describe the rehydration kinetics of the dried apple cubes, mathematical models were used (REYES et al., 2011; NOSHAD et al., 2012; CONTRERAS et al., 2012) . The equations of the models are described below:
where M, M 0 , and M ∞ are the moisture content at time t, at t=0, and at equilibrium, respectively.
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Statistical analysis
The statistical analysis was performed using Microsoft Excel 2000 (Microsoft Corporation, Washington, USA) (mean and standard deviation calculations) and IBM SPSS® Statistics 20.0 for Windows® (2012, SPSS Inc., Chicago, USA). The model parameters of the fi t of the experimental data were estimated by non-linear regression procedures, and the margin of error of the estimates was calculated at 95% (the margin of error is the half width of the confi dence interval at 95%). The regressions were also assessed by ANOVA approaches and the signifi cance level assumed was 5%.
The adequacy of the model fi t was evaluated by the determination coeffi cient (R²) and by the residual analysis. The residual analysis was performed in order to check the assumptions of independence, randomness, and normality. The normality of the residuals was evaluated by Kolmogorov-Smirnov test.
Results and discussion
Peleg's, Weibull's, the fi rst order kinetic, and the exponential association equation models presented high values of the determination coeffi cient (R²) of the non-linear regression of the experimental data under all conditions, except for freeze-dried control samples. This was probably due to the variability of the experimental data. The residual analysis showed that the residuals of Peleg's and the fi rst order kinetic models were normally distributed at a signifi cance level of 5%. The visual analysis of the scatterplot of the residuals vs. the predicted values indicates that the residuals are distributed randomly around zero with no systematic patterns, satisfying the assumption of homoscedasticity and zero mean errors. As an example, the residuals vs. the values predicted by the fi rst order kinetic model used to fi t the rehydration data of the freeze-dried control samples are presented in Figure 1 . The other two models did not describe well the experimental data, because they did not follow one or more of the assumptions described above. In order to select the best fi t of rehydration data, the Standard Half Width (SHW=margin of error/parameter value) was calculated at 95% confi dence. The fi rst order kinetic model presented the highest precision of parameter estimates (i.e., the lowest SHW) for all conditions used. So, it was used to compare the effect of these conditions. Figures 2 to 4 show the experimental data and the fi t of the fi rst order kinetic model during rehydration of the dried samples. The values of the parameters of the fi t of the fi rst order kinetic model, k and M ∞ (eq. 3), are presented in Table 1 . The k parameter of this model is related to the rate of the rehydration. Thus, no signifi cant differences were found among the rehydration rates (k-values) of the different types of drying. LIN and co-workers (1998) dried blanched carrot slices by three different methods (vacuum microwave, hot air, and freeze-drying), and found that vacuum microwave drying resulted in the highest rehydration ratio. As observed by SETTE and co-workers (2016) in raspberries, the control freeze-dried samples (no pretreatment) showed a rapid increase in the rehydration coeffi cient (it represents the recovery degree of weight with respect to the reference fruit) and then remained constant over time. A similar behaviour was observed in the present work for the freeze-dried apple cubes without pre-treatment (freeze-dried control samples). After the fi rst minute, rehydration was practically completed (Fig. 2) . (Table 1) , the osmotic dehydration carried out before each subsequent drying did not affect the rehydration rate of the dried samples. MALDONADO and co-workers (2010) also observed that mangoes osmotically pretreated with sucrose or glucose and air dried did not show any difference in the weight gain during rehydration compared to samples without pre-treatment. CICERZYNSKA and LENART (2010) and SETTE and co-workers (2016) observed a higher rehydration rate of the control samples than freeze-dried strawberries and raspberries pre-treated with sucrose and glucose, and sucrose, respectively. The equilibrium moisture contents, M ∞ , given by the fi rst order kinetic model for hot air, microwave, and freeze-dried control samples are not signifi cantly different, but tend to be higher than the respective osmotically dehydrated samples ( Table 1) , suggesting that the solute uptake that occurs during the pre-treatment reduces rehydration capacity. In fact, after 12 min of rehydration, the rehydration capacity (RC) of samples osmotically pre-treated with sucrose or sorbitol solutions (Figs 3 and 4, respectively) was similar, around 0.6 kg water/kg DM, but it was lower than the RC of the respective control samples (Fig. 2 ). There were no signifi cant differences in the rehydration rate (k-values, Table 1 ) or RC (Figs 2 to 4) between the dried samples pre-treated with sucrose and sorbitol solutions. The margin of error is the half width of the confi dence interval at 95%. There was difference of rehydration behaviour among the freeze-dried control samples and the ones dried by the two other methods. In consequence, after 12 min of rehydration, the RC of the former was higher than the other two control samples (Fig. 2) . This could be explained not only by the high porosity of freeze-dried samples, but also by the shrinkage of samples submitted to MWD and HAD, which makes the water adsorption more diffi cult. This difference was not noticed in osmotically dehydrated samples (Figs 3 and 4) probably due to the solute deposited in the surface layer. As explained by LENART (1996) , in the initial stage of rehydration of this type of material, there occurs the dissolution of sugar in the surface layer, making the water adsorption inside the capillary-porous material diffi cult. Afterwards, in the course of the rehydration, the structure of the fruit determines the degree of rehydration, a certain amount of sugar leaking from the inside of the tissues. Therefore, there were no signifi cant differences in the RC among the osmotically pre-treated samples dried by the three methods (Figs 3 and 4) .
Conclusions
Among Peleg's, Weibull's, the fi rst order kinetic, and the exponential association equation, the fi rst order kinetic model was the most adequate to fi t the rehydration kinetics of apple cubes osmotically pre-treated with sucrose or sorbitol and subsequently dried by hot air (HAD), microwave (MWD), or freeze-dying (FD). Neither the osmotic pre-treatment nor drying method affected rehydration rate. However, osmotic pre-treatment reduced rehydration capacity of apple cubes after all three drying methods at the end of 12 min of rehydration at 80 °C, which may be an important information for industrial application. The rehydration
